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The initiation of human immunodeficiency virus type 1 (HIV-1) reverse transcription occurs at the primer
binding site (PBS) that is complementary to the 3’-terminal nucleotides of tRNA%Y*. Why all known strains of
HIV-1 select tRNAL** for replication is unknown. Previous studies on the effect of altering the PBS of HIV-1
on replication identified an HIV-1 with a PBS complementary to tRNA“", Since the virus was not initially
designed to use tRNA®"™, the virus had selected tRNA®™ from the intracellular pool of tRNA for use in
replication. Further characterization of HIV-1 that uses tRNA®™ may provide new insights into the preference
for tRNALYS. HIV-1 constructed with the PBS complementary to tRNA®" was more stable than HIV-1 with the
PBS complementary to tRNAM** or tRNA™"; however, all of these viruses eventually reverted back to using
tRNA}Y* following growth in SupT1 cells or peripheral blood mononuclear cells (PBMCs). New HIV-1 mutants
with nucleotides in U5 complementary to the anticodon of tRNA“" remained stable when grown in SupT1 cells
or PBMCs, although the mutants grew more slowly than the wild-type virus. Sequence analysis of the U5 region
and the PBS revealed additional mutations predicted to further promote tRNA-viral genome interaction. The
results support the importance of the tRNA anticodon-genome interaction in the selection of the tRNA primer
and highlight the fact that unique features of tRNAL** are exploited by HIV-1 for selection as the reverse

transcription primer.

Human immunodeficiency virus type 1 (HIV-1), like all ret-
roviruses, utilizes a cellular tRNA as the primer for reverse
transcription (1, 25). The tRNA primer binds to a region of the
HIV-1 genome that is complementary to the 3’-terminal 18
nucleotides of the tRNA, termed the primer binding site (PBS)
(7). HIV-1 has evolved to selectively use tRNAL** for replica-
tion. Previous studies have shown that modifying the PBS to
correspond to other tRNAs results in the use of these tRNAs
for reverse transcription (6, 15, 27). However, a hallmark of all
of these studies is that the virus reverts back to using tRNA%Y®
after limited time in culture.

The exclusive use of tRNALY® by HIV-1 as the primer for
replication and the propensity of mutant HIV-1 viruses with
altered PBS regions to revert back to using tRNALY® suggest
that unique features of tRNAS* and the HIV-1 genome may
be involved in primer selection. Our laboratory has taken a
genetic approach to understand the mechanism of primer se-
lection. HIV-1 mutants have been created in which the PBSs
have been modified to be complementary to tRNAs other than
tRNAZL (12-14, 26, 27). RNA modeling of the U5-PBS region
suggests that a stem-loop structure exists in which nucleotides
that are complementary to the anticodon of tRNAY® (the
A-loop or anticodon binding loop) are displayed on a loop.
Both chemical and enzymatic analyses of U5-PBS-tRNA inter-
actions support the idea that the A-loop is in a complex with
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the anticodon of tRNAL*® (9). Support for a role of the anti-
codon binding loop in the selection of the tRNA has come
from previous studies in which HIV-1 mutants that could use
tRNAs other than tRNAJY® for replication were created (11-
14, 26). Viruses in which both the anticodon binding regions
and PBSs were altered to correspond to the new tRNAs were
able to stably use these tRNAs for replication.

Although in the majority of instances the PBS reverted back
to being complementary to tRNALY*, with some U5-PBS com-
binations HIV-1 selected a new, unexpected tRNA from the
intracellular milieu (12, 14, 29). In one of these instances,
several PBS sequences that were complementary to tRNAS™
were identified (16). Since the wild-type PBS complementary
to tRNAZLY was not detected, it was possible that virus with a
PBS complementary to tRNAS™ might have had an advantage
over the viruses that used tRNAL®. Analysis of HIV-1 with
both U5 and the PBS complementary to tRNAS", then, may
provide insights into the selection process and even the cause
of specificity for tRNAS**, HIV-1 mutants were created in
which either the PBS alone or the PBS and the anticodon
binding region were altered to be complementary to tRNAS™,
Surprisingly, we found that HIV-1 with a PBS complementary
to tRNAS™ was more stable than HIV-1 with a PBS comple-
mentary to tRNAM<! or tRNA™*; however, the HIV-1 with a
PBS complementary to tRNAS™ eventually reverted to using
tRNAZL*. Viruses with both PBS and A-loop complementarity
to tRNAS™ were stable following extended growth in SupT1
cells or peripheral blood mononuclear cells (PBMCs). Even
though tRNAS™ was present in cells at levels greater than
those of tRNAL® and virions contained more tRNAS™ than
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FIG. 1. Diagrams of tRNAs and U5-PBS RNA. (A) tRNAL"* and tRNA®". The cloverleaf diagrams of tRNAL** and tRNA®" are presented
with the modified bases in both tRNAs noted. The PBS of HIV is complementary to the 3’-terminal nucleotides of tRNAY*; a second HIV genome
was constructed in which the PBS was complementary to the 3’-terminal 18 nucleotides of tRNA"™, Those nucleotides circled in the TdC-loop
of tRNAL® and tRNAS"™ are complementary to regions downstream of the PBS. Abbreviations: S, 5-methoxycarbonylmethyl-2-thiouridine; s,
pseudouridine; D, dihydrouridine; T,,, 2’-O-methyl-5-methyluridine; A™, 1-methyladenosine; C°™, 5-methylcytidine; G™2, N*-methylguanosine;
G, 7-methylguanosine. (B) The US-PBS region from HXB2 and that from HXB2(Glu) in which the PBS has been altered to be complementary
to tRNAS™ are shown. The PBS is part of a stem-loop structure in which adenines are displayed at the crown of the stem-loop.

tRNALY®, HIV-1 that used tRNAS™ grew more slowly in both
SupT1 cells and PBMCs. The results of these studies further
support a role for U5 in the selection of this tRNA primer and
suggest that additional unique features of tRNAL® support
high-level HIV-1 replication.

MATERIALS AND METHODS

Construction of mutant proviral genomes. The wild-type PBS of the shuttle
vector pUC119PBS, which contains a Hpal-to-PstI DNA fragment containing the
5" long terminal repeat, PBS, and leader region of gag from wild-type pHXB2,
was mutated to have a sequence complementary to the 18 3’-terminal nucleo-
tides of tRNAS", forming pUC119PBS(Glu). Mutagenesis was performed by
using the Gene Editor in vitro mutagenesis system (Promega, Madison, Wis.)
along with the primer 5'-CGCTTTCAATTCCCGGTCAGGGAACCACTGCT
AGAGATTTTCCAC-3'. The pUC119PBS(Glu) vector was then used as the

substrate to form the A-loop mutant vectors pUC119PBS(Glu Loop 1) and
pUC119PBS(Glu Loop 2). The primers used for the A-loop mutagenesis were
5'-CCACTGCTAGAGACTCAACTCTACACTGACTA AAAGGGTC-3' and
5'-CCACTGCTAGAGACTCAACTCTAGCCTGACTAAAAGG GTC-3', re-
spectively. All mutagenesis was performed according to the manufacturer’s in-
structions, and the resulting mutant sequences were verified by DNA sequencing.
The 868-bp Hpal-BssHII fragments of pUCI119PBS(Glu), pUC119PBS(Glu
Loop 1), and pUC119PBS(Glu Loop 2) containing the U5 and PBS regions were
then subcloned between the Hpal and BssHII sites of pHXB2 to form the
complete proviral clones pHXB2(Glu), pHXB2(Glu Loop 1), and pHXB2(Glu
Loop 2). The proviral clones were screened by restriction digestion, and the
proper sequences were verified by DNA sequencing.

Tissue culture. All cultures were maintained at 37°C and 5% CO,. COS-1 cells
were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (FBS), and SupTT1 cells were grown in RPMI 1640 medium
containing 15% FBS. PBMCs were isolated from HIV-1-seronegative whole
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FIG. 2. Replication of HIV-1 with altered PBS in SupT1 cells and
PBMC:s. (A) The replication of the wild-type virus (WT) and viruses
with PBSs complementary to tRNAS™ (Glu), tRNAM' (Met), and
tRNAM® (His) was analyzed in SupT1 cells. Cultures were initiated as
described in Materials and Methods, and the supernatants were ana-
lyzed for p24 antigen production during a 24-day culture period. The
values represented are from a single experiment; repeat experiments
gave similar replication profiles. The arrow denotes the sample time at
which PBSs from both viruses which used tRNAM®' and tRNA™*
reverted to PBSs complementary to tRNAL (Table 1). (B) Replica-
tion of HIV-1 with the PBS complementary to tRNA™* or tRNA®™ in
PBMCs. Cultures were initiated as described in Materials and Meth-
ods, and virus replication was monitored by analysis of p24 antigen in
culture supernatants. The arrow denotes the sample time at which the
PBSs complementary to tRNAM® and tRNAS™ were found to revert to
PBSs complementary to tRNAL (Table 2). Results presented are
from a single experiment; repeat experiments gave similar replication
profiles for each virus.

blood by Ficoll-Paque Plus (Amersham Pharmacia Biotech, Uppsala, Sweden)
density gradient centrifugation. The PBMCs were stimulated for 2 days in RPMI
1640 medium containing 15% FBS and 3 g of phytohemagglutinin (Sigma, St.
Louis, Mo.)/ml. After stimulation, the medium was removed and replaced with
RPMI 1640 medium supplemented with 15% FBS and 30 U of recombinant
human interleukin-2 (Roche Diagnostics, Indianapolis, Ind.)/ml.

Virus production and analysis of viral infectivity. COS-1 cells at 75% conflu-
ency were transfected with 5 g of the appropriate pHXB2 proviral DNA using
DEAE-dextran. After 48 h, the virus supernatants were removed and filtered
through 0.45-wm-pore-size syringe filters (Gelman Sciences, Ann Arbor, Mich.)
and the p24 concentration of each was determined by immunoassay (Coulter,
Miami, Fla.). Virus supernatant containing 100 ng of p24 was then used to infect
10 X 10° SupTT1 cells or 20 X 10° PBMCs. The virus was allowed to adsorb for
24 h, and the infected cells were pelleted by centrifugation at 1,000 X g, washed
with fresh medium, and further cultured. The infected SupT1 cells were passaged
1:6 every 3 days, and the PBMCs were passaged 1:2 every 3 days. Supernatants
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were collected from both SupT1 and PBMC infected cultures every 6 days. The
infected SupT1 cultures were visually monitored for the formation of syncytia
and clearance of the cells. Once the infected SupT1 cultures were found to be
cleared of cells, 10° new cells were added to continue the culture and p24
collections were ceased. For the infected PBMC cultures, 5 X 10° new cells were
added every 12 days and supernatant collection was continued for the duration
of the culture. The concentrations of p24 antigen in all collected supernatants
were determined by using the p24 immunoassay.

DNA sequence analysis of proviral U5 and PBS regions. High-molecular-
weight DNA was obtained from a 1-ml aliquot of infected SupT1 cells or PBMCs
every 12 days of culture by using the Wizard Genomic DNA isolation kit (Pro-
mega) according to the manufacturer’s instructions. A fragment containing the
U5 and PBS regions of the integrated provirus was amplified from the high-
molecular-weight template DNA by PCR with the primers 5'-CGGAATTCTC
TCCTTCTAGCCTCCGCTAGTC-3" and 5'-CCTTGAGCATGCGATCTACC
ACACACAAGGC-3'. The resulting PCR products were gel purified and ligated
to the cloning vector pGem-T Easy (Promega), and the ligation mixes were used
to transform competent Escherichia coli DH5a cells (Invitrogen, Carlsbad, Cal-
if.). Plasmid DNA obtained from individual colonies was screened for inserts by
using restriction digestion and then subjected to automated sequence analysis
with the primer 5'-CGGAATTCTCTCCTTCTAGCCTCCGCTAGTC-3'.

Analysis of tRNA in cells and HIV-1 virions. Total cellular RNA was isolated
from uninfected SupT1 cells by using Tri-reagent (Sigma) according to the
manufacturer’s instructions. Northern blotting was performed by using the
NorthernMax-Gly kit (Ambion, Houston, Tex.) according to the manufacturer’s
instructions. The cellular RNA samples contained 5 pg of total cellular SupT1
RNA, and the control samples each consisted of 1 ng of in vitro transcripts of
tRNALYY® or tRNAS! created by using the MEGAshortscript transcription kit
(Ambion) according to the manufacturer’s instructions. Oligonucleotides com-
plementary to human tRNAYY (5'-CGCCCGAACAGGGACTTGAACCCTG
GACCCTCAGATTAAAAGTCTGATGCTCTACCGACTGAGCTATCC-3")
and tRNAS" (5'-TTCCCTGACCGGGAATCGAACCCGGGCCGCGGCGG
TGAGAGCGCCGAATCCTAACCACTA-3') served as probes. Equal amounts
of the probes (15 pmol) were 5’-end labeled with [y-*?P]JATP by using the
Ready-To-Go T4 polynucleotide kinase kit (Amersham Pharmacia Biotech, Pis-
cataway, N.J.), and free nucleotides were removed by centrifugation by using
ProbeQuant G-50 micro columns (Amersham Pharmacia Biotech). Equal
amounts of labeled probe (10° cpm/pmol) were added to the membranes. The
signals of the hybridized and washed membranes were detected with a phos-
phorimager, and the relative amounts were determined by volume analysis by
using ImageQuant version 1.2 (Molecular Dynamics, Piscataway, N.J.).

To analyze tRNAYY® or tRNAS™ in virions, virus from SupT1 cultures infected
with wild-type HIV-1 HXB2 or HXB2(Glu Loop 2) was collected and filtered
through a 0.45-pum-pore-size low-protein binding filter (Pall Gelman Laboratory,
Ann Arbor, Mich.). Virion-associated RNA was isolated via phenol-chloroform
extraction followed by ethanol precipitation. Equal quantities of virion-associ-
ated RNA were blotted and probed for tRNALYS or tRNAS™,

RESULTS

Characterization of HIV proviral genome with PBS comple-
mentary to tRNA®™, Previous studies have described HIV-1
proviral genomes in which the 18-nucleotide PBS has been
altered to be complementary to a variety of tRNAs (11, 12, 27).
Analysis of HIV-1 with different U5-PBS combinations re-

TABLE 1. Summary of PBS stability during culture in SupT1 cells

No. of viruses with wild-type PBSs/total

Initial no. of PBSs sequenced on day:”
provirus”
12 24 36 48
His 9/13 17/17 ND ND
Met 8/12 12/12 ND ND
Glu 0/13 0/13 0/12 12/12

¢ His, HIV-1 with a PBS complementary to tRNAMS; Met, HIV-1 with a
PBS complementary to tRNAMet: Glu, HIV-1 with « PBS complementary to
tRNASH,

> ND, not done.
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TABLE 2. Summary of PBS stability during growth in PBMCs

No. of viruses with wild-type PBSs/total

Initial provirus® no. of PBSs sequenced on day:

12 24 36 48 60
His 010 410 710 1010  ND’
Glu 010 010  0/10 010 3/10
HXB2(Glu Loop2)  0/10  0/10  0/10 010 0/10

¢ His, HIV-1 with a PBS complementary to tRNAMS Glu, HIV-1 with a PBS
complementary to tRNAS!,
> ND, not done.

vealed the presence of a PBS complementary to tRNAS" in
integrated proviruses from a long-term culture. Since we did
not know if this PBS would be from a full-length provirus, in
our first set of experiments we created an HIV-1 that has a PBS
complementary to tRNA™ (Fig. 1).

We first examined the replication of HIV-1 in which the PBS
was altered to be complementary to tRNA"™ in both SupT1
cells and PBMCs (Fig. 2). Consistent with previous studies,
we first generated virus by transfection of COS-1 cells, and
an infection was initiated in SupT1 cells by using identical
amounts of virus measured by a p24 antigen capture assay.
Following initiation of the infection, culture supernatants were
analyzed for p24 antigen at various times postinfection. Anal-
ysis of the virus production in these cultures during the first 24
days revealed rapid growth of the wild-type virus, as previously
described (11, 12, 26). The virus with the PBS complementary
to tRNAS™ exhibited a delay in replication compared to the
wild type, followed by a rapid increase during the next 12 days
to reach a level similar to that of the wild-type virus. We also
compared the replication of the virus with a PBS complemen-
tary to tRNAS™ to that of viruses in which the PBSs were
complementary to tRNAM® or tRNAM®!, In this case, we found
that the virus with the PBS complementary to tRNAS™ ap-
peared to grow faster than these viruses, as measured by this
p24 antigen capture assay. However, the viruses with the PBSs
complementary to tRNA™® or tRNAM®* eventually reached
the same level of replication, as judged by a p24 antigen cap-
ture assay at 24 days postinitiation of the culture. Previous
studies that characterized these viruses have shown that the
rapid rise in p24 antigen correlated with the reversion of these
viruses to the utilization of tRNAZLY* for replication (12, 26). To
address this issue, we analyzed the PBSs of these viruses at
several time points during the culture (Table 1). As expected,
by day 24 all of the viruses with the PBSs complementary to
tRNAM®! or tRNAM® had reverted back to the wild type. To
our surprise, we found that the viruses with the PBSs comple-
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mentary to tRNAS™ remained stable for up to 48 days in
culture. Thus, in contrast to the viruses which use tRNA or
tRNAM® HIV-1 that uses tRNAS™ was able to grow to sub-
stantial levels during the first 24 days in culture and remained
stable during this time.

Up to this point, our studies have used a continuously di-
viding T-cell line, SupT1, to assess the effects that altering the
PBS has on replication. Since the availability of tRNA could be
influenced by the metabolic activity of the cell, we next wanted
to assess the replication of HIV-1 with an altered PBS in
primary PBMCs (Fig. 2). Equal amounts of virus generated
from the transfection of COS-1 cells were used to initiate
PBMC infections. A rapid increase in p24 antigen production,
peaking at approximately 30 days postinitiation of culture, was
observed for the wild-type virus. In contrast, viruses in which
the PBSs were complementary to tRNA™* or tRNAS™ grew
slowly compared to the wild type. By 42 days postinitiation of
culture, we found a slight increase in the growth of virus with
the PBS complementary to tRNAMS; we observed a rapid
growth of this virus in the subsequent 12 days of culture, with
the p24 values peaking at days 54 to 60. In contrast, the virus
that used tRNAS™ began a slow and steady rise of virus pro-
duction starting at approximately day 42. By day 60, this virus
had reached a plateau of p24 antigen production similar to that
of the wild-type virus and virus which used tRNA™™,

The PBSs of these viruses were analyzed at various times
postinitiation of culture. By day 24 of culture, we detected
reversion of the PBS complementary to tRNA™* back to the
wild-type PBS; the numbers of clones with wild-type PBSs
increased at days 36 and 48 of culture (Table 2). The reversion
back to the wild-type PBS correlated with the rapid increase in
levels of p24 antigen in the culture. In contrast, the virus with
the PBS complementary to tRNAS™ remained stable for up to
48 days postinitiation of culture. DNA sequence analysis of the
PBSs from viruses with PBSs complementary to tRNAS™ from
both SupT1 cells (Tables 3, 4, and 5) and PBMCs (Tables 6 and
7) following reversion revealed that the PBSs had indeed re-
verted to being complementary to tRNAL. In addition, we
found few sequence changes in the initial input sequence in the
US region; the replacement of a G immediately 5" of the PBS
with an A or C was found in the viruses grown in both SupT1
cells and PBMCs (Tables 3, 4, 5, 6, and 7).

Characterization of HIV-1 with the PBS and anticodon
binding domains in U5 complementary to tRNA®"™., Previous
studies have found that the alteration of a region in U5 (des-
ignated the A-loop) to correspond to the anticodon domains of
certain tRNAs allows stable use of these tRNAs for replication
by HIV-1. In an attempt to further stabilize the use of tRNAS™

TABLE 3. DNA sequences of U5 and PBS regions of proviruses derived from pHXB2(Glu) on day 48 of culture in SupT1 cells

Frequency” Changes in the following input DNA sequence” (5'-3'):
CCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGTTCCCTGACCGGGAATTGAAAGCGAAAGGGAA
9/12 ******************************************CG***GA**A****C*****************
1/12 ******************************************CG***GA**A****CG****************
1/12 **************************************A***CG***GA**A****C*****************
1/12 **************************************c***cG***GA**A****c*****************

“ Number with DNA sequence/total number sequenced.

> The PBS complementary to tRNAS is shown in bold in the input sequence. In each case the changes resulted in a PBS complementary to tRNALYS. Asterisks

represent conserved nucleotides.
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TABLE 4. DNA sequences of U5 and PBS regions of proviruses derived from pHXB2(Glu Loop 1) on day 48 of culture in SupT1 cells

Frequency”

Changes in the following input DNA sequence” (5'-3'):

1/12
1/12
1/12
1/12
1/12
3/12
1/12
1/12
1/12
1/12

CAGACCCTTTTAGTCAGTGTAGAGTTGAGTCTCTAGCAGTGGTTCCCTGACCGGGAATTGAAAGCGAAAGGGAA

R R R R R I R R R R R R Rk I R kR kR R R R Rk Rk kS kS kR
hkkkkkkhhhhhhhhhhhhhhhhhkhkhkkkkkkkkkk kA hhkhkhkkkkkhkhkhkkkhkhkkkkkkkkkkk k%
**************************************A*******************C***************
hkkkkkkkhkkkkkkkkkk kA kA *kkk kA Pk hkkkkkk kA hhkhkhkkkhkhkhkhkhkhkhkhkkkkkkkkk k%
********C******T*****A******A*********A***********************************
KKK KKK KKK KKK KK NGO KK IR Ik hkk ok kA ko kk ke hkkh kX khkkhhkkhhkhhkkhhkkhkkkhkhkkkk* %K
***************************************************A****C*****************
KA KKK KKK KKK KKK KA KK KA I KKK A IR A K KA F IR KK AR K KA KKK KA KA KOk I AR Kk Ak Kk k Kk ko k* kK
****************************A*********A************A****C*****************

KA KKK KKK AR KKK KKK KA KK KA K AR K I AR KKK KRR KK AR K KR KGAR KA I H KOk I ARk hkk Kk hkk ko k ok ko k

“ Number with DNA sequence/total number sequenced.

® The PBS and anticodon region complementary to tRNAS" are shown in bold in the input sequence. Asterisks represent conserved nucleotides.

as the primer for HIV replication, we made additional muta-
tions in the US region in which the nucleotides in the A-loop
were replaced with those complementary to the anticodon of
tRNAS™ (Fig. 3). Additional nucleotide substitutions in the
stem were made to facilitate a predicted U5-PBS stem-loop
(31, 32). Two RNA structures (Glu loop 1 and Glu loop 2)
were chosen that had similar free energy values for the US-
PBS regions; modeling of these U5-PBS regions resulted in a
stem-loop structure that was very similar to that of the wild-
type HIV genome. We chose to analyze both mutants since
previous studies analyzing HIV-1 mutants that used tRNAM¢!
or tRNAM" had suggested that bulges within the RNA stem
might be important for tRNA selection and replication (14,
29). The replication of two mutant HIV genomes in which the
anticodon binding regions and PBSs had been altered to cor-
respond to tRNAS™ was first analyzed in SupT1 cells (Fig. 4).
Both viruses demonstrated a delay in replication compared to
the wild-type virus (or even the virus with a PBS complemen-
tary to tRNAS™). By 42 days postinitiation of culture, these
viruses still had not produced p24 antigen to the level observed
for the wild-type virus at day 12 of culture. These virus cultures
were subsequently grown for an additional 6 days in culture (to

A

day 48), followed by analysis of the PBSs at various times of
culture. In this case, we found that the PBSs of all samples
analyzed were still complementary to tRNA™ (Tables 4 and
5). We also noted additional mutations in the US region; in
some instances, common mutations were found between dif-
ferent PCR clones that were analyzed.

The replication of these viruses was also analyzed in PBMCs
(Fig. 4). We again found a severe delay in the production of
infectious virus in PBMC cultures compared to that of the
wild-type virus. In this case, replication of the virus with a PBS
and anticodon binding loop complementary to tRNAS™ was
slow, reaching approximately 50% of that of the wild type by 60
days postinitiation of culture. The replication of this virus
paralleled that seen for the virus in which only the PBS was
made complementary to tRNAS"™, The PBSs of these viruses
were analyzed to determine whether they had reverted back to
the wild type. Sequence analysis of these viruses at day 60
revealed a remarkable conservation of the initial DNA se-
quence; in 60% of the sequences analyzed, we obtained the
input sequence (Table 7). In the remaining 40%, we observed
only single nucleotide changes mostly confined to the US re-
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FIG. 3. HIV-1 with the U5-PBS region complementary to tRNA"™, HIV-1 genomes in which the PBS and A-loop regions have been altered
to be complementary to the 3’-terminal nucleotides and anticodon of tRNAS!" are presented. The PBS region is noted in bold. The circled
nucleotides are those which were changed to be complementary to the anticodon of tRNAS™ (CUC). (A) Wild-type HIV-1 genome in which the
PBS has been altered to be complementary to tRNA“"™. (B) HIV-1 genome with additional nucleotides making it complementary to the anticodon
of tRNAS™ [HXB2(Glu Loop 1)]. An additional nucleotide change was added to enhance the stem of the U5-PBS stem-loop (A, circled). (C)
HIV-1 genome in which the PBS and A-loop have been altered to correspond to the 3'-terminal nucleotides of tRNAS™ and the anticodon region.
Additional nucleotides inserted within the stem destabilized the stem-loop, creating a bulge region; virus with this genome is designated HXB2(Glu

Loop 2).
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FIG. 4. Replication of HIV genomes with U5-PBS regions opti-
mized for use of tRNAS"™. (A) Replication in SupT1 cells. Virus cul-
tures were initiated as described in Materials and Methods. The super-
natants from the cultures were analyzed for p24 antigen production at
various days postinitiation of culture. For comparison, results for vi-
ruses in which only the PBS was altered to correspond to tRNAS™
(Glu) are shown. Results for two additional viruses with both the U5
and the PBS altered to correspond to tRNA“™ (Glu-Loop 1 and
Glu-Loop 2) are presented. WT, wild type. (B) Replication of viruses
in PBMCs. The replication of one of the viruses represented in panel
A (Glu-Loop 2) was analyzed in PBMCs. For comparison, results for
the virus with only the PBS altered to be complementary to tRNAS™
(Glu) are presented. The arrow denotes the sample time at which the
virus with only the PBS complementary to tRNA“™ had a PBS com-
plementary to tRNAS*. Results are from a single experiment; the
cultures were performed in duplicate with similar replication profiles.
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gion. Interestingly, similar changes were noted following the
growth of this same virus in SupT1 cells.

Comparison of tRNA™* and tRNAS™ in cells and HIV-1
virions. One simple explanation for the reversion of the mu-
tant PBS back to one complementary to tRNAZLY* is that this
tRNA is predominant in the host cells. To address this issue,
we compared the relative levels of tRNASY with those of
tRNAS"™ in SupTT1 cells, which allow high-level replication of
HIV-1, prior to analysis of HIV-1 growth in these cells (Fig. 5).
Identical amounts of total RNA from SupT1 cells were probed
for tRNAS™ or tRNAY; in vitro-transcribed tRNAs were
used to confirm specificity of the probes. Under these experi-
mental conditions, we found that the amounts of tRNAS™
were larger than those of tRNAXY® in SupT1 cells. Quantitation
from three independent samples revealed that the cellular
tRNAS"/tRNAL ratio was approximately 10:1. Analysis of
mitogen-activated PBMCs demonstrated a similar pattern in
which the level of tRNALY* was less than that of tRNAS™ (data
not shown).

We next compared the levels of tRNALY and tRNAS™
found in wild-type HIV-1 virions (HXB2) and virions with U5-
PBS regions complementary to tRNAS™ [HXB2(Glu Loop 2)]
(Fig. 5). RNA from virions from infected SupT1 cultures were
isolated and normalized and dilutions were analyzed for tRNAS>®
or tRNAS™ by using specific oligonucleotide probes. tRNA™*
and tRNA™ were detected in both wild-type virus and the
virus with a U5-PBS region complementary to tRNAS™, The
proportion of tRNAL* varied depending on the virus. In the
wild type, the proportion of tRNAL* was greater than that in
the virus with a U5-PBS region complementary to tRNA",
while slightly more tRNAS™ was detected in viruses that used
tRNAS"™ than in the wild-type virus.

DISCUSSION

In this study, we have investigated the selection of the tRNA
primer required by HIV-1 for replication by constructing a
virus in which the PBS has been made complementary to
tRNAS"™, Analysis of virus replication in both SupT1 cells and
PBMCs revealed that the HIV-1 with a PBS complementary to
tRNAS" grew more slowly than the wild-type virus but more
rapidly than viruses with PBSs complementary to tRNAM" or
tRNA™S, Most importantly, the PBSs of viruses that used
tRNAS"™ were more stable, as judged by a reduced propensity
to mutate back to utilizing tRNAZLY*, than PBSs complemen-
tary to tRNAM<' or tRNA™*, We further engineered the
HIV-1 genome to include a region within the US that was

TABLE 5. DNA sequences of U5 and PBS regions of proviruses derived from pHXB2(Glu Loop 2) on day 48 of culture in SupT1 cells

Frequency” Changes in the following input DNA sequence” (5'-3'):

CAGACCCTTTTAGTCAGGCTAGAGTTGAGTCTCTAGCAGTGGTTCCCTGACCGGGAATTGAAAGCGAAAGGGAA
2/12 khkhkkhkhkkhhkhkhkhkkhhkkhhhhhhkhdhhhhhhdhhhdhhhhhhhdhhhhhdhhhhhhkhdhdhhhhhkhdhrkkhrhhkhrhrhhkhhdkkhx
]/12 R R R R R R R S R R R
3/12 'k'k'k'k'k'k'k'k'k*******A'k'k'k'k'k'k'k'k'k'k'k*A'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k******************
]/12 ****************A************A*******************************************G
4/12 'k'k'k'k'k'k'k'k'k********TG********'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k******************
]/12 *****************TG********************************A****C*****************

“ Number with DNA sequence/total number sequenced.

® The PBS and anticodon region complementary to tRNAS™ are shown in bold in the input sequence. Asterisks represent conserved nucleotides.
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TABLE 6. DNA sequences of U5 and PBS regions of proviruses derived from pHXB2(Glu) on day 60 of culture in PBMCs

Frequency” Changes in the following input DNA sequence” (5'-3'):

3/10
1/10
1/10
2/10
2/10
1/10

CCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGTTCCCTGACCGGGAATTGAAAGCGAAAGGGAA

B R R R R R R R R R R R R R R R R R R R R R R R R Rk kR
KKK KKK KKK KA KKK A I AR K KA X KKK I AR K KA X AR OF I AR I I A Ak hk Kk kA Xk kkhhkkhhkkkkk Kk k kK ok
*******************************G******************************************
KKK KA KK KKK KA KK A I AR K KA I I KKK AR K KA A KKK I AR K KR AGARF AR KA KOk IRk hhk k ok kk ko k ok ko k
******************************************CG***GA**A****C*****************C

KKK KKK KKK KKK KKK I K IR KK AR F KA I KKK K AKX KK AKHKRCOQHAXGARF AR KKK OF F ok kk ki ok k Kk k ok kK Kk k& *C

“ Number with DNA sequence/total number sequenced.

> The PBS complementary to tRNAS" is shown in bold in the input sequence. Asterisks represent conserved nucleotides.

¢ Changes resulted in a wild-type PBS complementary to tRNALY,

complementary to the anticodon nucleotides of tRNAS"™,
This additional mutation resulted in HIV-1 that stably uti-
lized tRNAS" when grown in SupT1 cells or PBMCs. Thus,
the selective engineering of the HIV-1 genome with muta-
tions in both U5 and the PBS has resulted in a virus in which
the tRNA primer has been successfully altered from tRNALY
to tRNAS™,

Similar to previous studies, the present study has taken a
genetic approach to investigate the mechanism of primer
tRNA selection by HIV-1. In particular, we were interested in
determining why HIV-1 has evolved to select tRNAL® over
other tRNAs, including tRNAlL’yzS that is present in greater
amounts in the virion (10, 30). To address this question, we
analyzed sequences of U5-PBS regions from previous studies
for the presence of new, unexpected tRNAs that were selected
by HIV-1. The use of these other tRNAs by HIV-1 may indi-
cate a preference for the other tRNAs over tRNALY. A pre-
vious study identified several PBS clones that were comple-
mentary to tRNAS™ (16). As a first step in the study, we
created HIV-1 in which only the PBS was complementary to
tRNAS" and analyzed the replication and stability of the PBS
following extended culture in SupT1 cells and PBMCs. To our
surprise, the PBS of this virus demonstrated considerable sta-
bility following growth of the virus in both cell types. In fact,
the HIV-1 with a PBS complementary to tRNA“™ was more
stable than any of the other viruses we have created thus far
with only the PBSs changed. One explanation for the stability
could be that the amounts of tRNAS™ detected in SupT1 cells
were greater than those of tRNALY. However, if the amounts
of tRNA in the cytoplasm were the sole determinant for se-
lection, we would have expected that HIV-1 with a PBS com-
plementary to tRNAS™ would replicate as well as the wild-type
virus, which was not observed in SupT1 cells or PBMCs. This
discrepancy highlights the complicated nature of the HIV-1

primer selection process. The mechanism underlying the se-
lection of tRNAL® by HIV-1 for use as the primer in replica-
tion is unknown. Previous studies have suggested that the viral
proteins nucleocapsid and reverse transcriptase or the Gag-Pol
protein are involved in selection (3, 8, 18, 19). Recent studies
have demonstrated that the lysyl-tRNA synthetase is present in
HIV-1 virions and may act as a chaperone for tRNA (4). In
addition, studies have found that elongation factor 1o (EF1A),
known to interact with tRNAs, is also found in HIV virions (5,
21, 22). What is not clear from these studies is whether the
tRNA entering the virions in complex with these proteins is
actually the tRNAZL** that is selected for use as the primer. A
previous study found that the tRNA composition of a virus that
uses tRNA™" had the same ratios of tRNA% and tRNALY
as the wild-type virus; no enrichment of tRNA™® was found
(30). In contrast, HXB2(Glu Loop 2) had an enrichment of
tRNAS"™ in the virions compared to the wild-type virus, sug-
gesting that in this case, the alteration of the U5-PBS region
was sufficient to change the tRNA composition in the virion.
However, even with the increased level of tRNAS™ in the
virion, the virus did not replicate in a fashion similar to that of
the wild type. Thus, the amounts of tRNA that we detected in
the cell and virion may not necessarily reflect the amount
available for HIV-1 to select as a primer. The tRNA in the cell
is probably not free but in complex with EF1A prior to use in
translation or with the aminoacyl-tRNA synthetase after ejec-
tion from the E site of the ribosome (20, 24). Interestingly, a
previous study reported that EFTu (the E. coli equivalent of
EF1A)-GTP-aminoacylated tRNA can interact efficiently with
other tRNAs that have complementary anticodons (28). Nu-
clear magnetic resonance studies of the A-loop region of HIV-
1 suggest that the U5 stem-loop is similar to that of a tRNA
anticodon (23), making it possible that the A-loop-tRNAL**
interaction could have similarities to codon-anticodon interac-

TABLE 7. DNA sequences of US and PBS regions of proviruses derived from pHXB2(Glu Loop 2) on day 60 of culture in PBMC.

Frequency”

Changes in the following input DNA sequence® (5'-3'):

6/10
1/10
1/10
1/10
1/10

CAGACCCTTTTAGTCAGGCTAGAGTTGAGTCTCTAGCAGTGGTTCCCTGACCGGGAATTGAAAGCGAAAGGGAA

Rk R R Sk Sk Sk Sk S Sk S S S S S S kS S Sk Ik kS kS kS Sk kS S kS
hkkkkkhkkkkhhhhhkhkkkkkkkhkkkkkhkkkkkk kN khkhkhkhkhkhkhkhhkkkkhkkkkkkkkkkk k%
B R R R S R R R R R
hkkkkkhkhkhkhkkkk kP hhkhkhhkhhkhhhhhkhhhkhkhkhhhkhkhkhkhkhkhkkkkkkkkkkkkkkkkk k%

B R R R R S R R R S R R R

“ Number with DNA sequence/total number sequenced. ]
® The PBS and anticodon sequence complementary to tRNAS™ are shown in bold. Asterisks represent conserved nucleotides.
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FIG. 5. Analysis of intracellular and HIV-1 virion-associated
tRNAS* and tRNAC™, (A) Analysis of tRNA from SupT1 cells. Total
RNA from SupT1 cells was isolated as described in Materials and
Methods. Following electrophoresis and transfer onto nitrocellulose
membrane, equal amounts were probed with oligonucleotides specific
for tRNAL or tRNAS", Specificity controls included equal amounts
(1 ng) of in vitro RNA transcription products; note that the in vitro
transcript (xscript) for tRNAS™ contains extra nucleotides that retard
the migration in the agarose gels used for this analysis. The densities of
the probes reacting with the cognate tRNA for both tRNAL*® and
tRNAS"™ were similar (i.e., the density of the tRNA%** probe with 1 ng
of in vitro-transcribed tRNAL* versus the density of the tRNAS™
probe with 1 ng of in vitro-transcribed tRNAS™). The use of scanning
densitometry to determine the cellular amounts of tRNA®"™ and
tRNAY® revealed an approximate 10:1 ratio. This analysis was re-
peated three times, and a representative blot is shown. The closed
arrow denotes migration of full-length tRNA™* or tRNA®"™, The open
arrow denotes migration of the tRNAS™ in vitro transcript containing
additional nucleotides from cloning of the tRNA gene into the tran-
scription plasmid. (B) Analysis of tRNA from HIV-1 virions. Total
virion RNA collected from viruses isolated from supernatant of SupT1
cells infected with HXB2 or HXB2(Glu Loop 2). HIV-1 virions were
isolated by ultracentrifugation, and RNA was extracted and prepared
as described in Materials and Methods. The blot was probed for
tRNAS™ and tRNAL* as indicated. Lane 1, 1 pg of RNA isolated
from virions; lane 2, 0.1 pg of RNA isolated from virions.

Glu Loop1
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tions that occur during translation. An EF1A-GTP-aminoacy-
lated tRNA complex may then play a role in tRNA selection,
possibly by chaperoning the tRNA to the complementary re-
gion in US. After the EF1A-tRNA complex interacts with the
US loop region, the tRNA would need to be released from the
complex to associate with the PBS. It is interesting that a
previous study found that the affinities of EFTu-GTP for
tRNA®"™ and tRNA™* were two of the weakest among those
for tRNAs (17). Additional studies then will be needed to
address the role of EF1A in selection of the HIV-1 primer
tRNA.

The development of HIV-1 that uses tRNAS"™ rather than
tRNAZL* now brings the number of viruses that can use alter-
native tRNAs for replication to four. Previous studies have
characterized HIVs that use tRNA™, tRNAM®, or tRNATY
for replication rather than tRNAS** (11, 13, 26). A common
feature of all of these viruses is that the U5 was mutated to
display nucleotides complementary to the anticodon of the
tRNA on the loop of an RNA stem-loop. Analysis of the U5
regions from HIV-1 that use tRNAS"™ following long-term
growth in SupT1 cells or PBMCs lends further support for a
role of the U5-PBS RNA stem-loop in primer selection. We
found that the U5 region from HIV-1 that grew in SupT1 cells
and PBMCs contained mutations that could result in a stem
region even more similar to that of the wild-type virus; the
substituted nucleotides would be predicted to form bulges
within the stem of the U5-PBS stem-loop (Fig. 6). It is possible
that the location of mismatched nucleotides, creating bulges in
the stem, or specific nucleotides in the U5-PBS are required
for high-level replication. The enhanced growth of the HIV-1
in which only the PBS was complementary to tRNAS" in
SupT1 cells compared to that of viruses with mutations in U5
[e.g., HXB2(Glu Loop 1) and HXB2(Glu Loop 2)] might have
been due in part to the predicted conservation of the wild-type
US-PBS RNA stem-loop, since previous studies have shown
that mutations within the RNA stem-loop in the wild-type

PBS
® chc
u C
cG
Q©® c&
© CUCU aCAG %A Ay
@@Q‘ce UGGU UG
Anticodon loop g Ug A
A
AT

g
pBMC g é

+
Sup T

Glu Loop2

FIG. 6. Summary of sequence changes found in U5-PBS regions following virus growth in SupT1 cells and PBMCs. (A) Changes found in the
U5 region of the virus HXB2(Glu Loop 1) following replication in SupT1 cells. The arrows denote the major changes observed following
replication. An additional change of G to A within the A-loop region (circled) was also found. Note that we did not see reversion of the PBS back
to the wild-type PBS complementary to tRNA%LY*. (B) Changes found in the virus HXB2(Glu Loop 2) following in vitro culture in SupT1 cells or
PBMCs. The major changes were noted within the stem region of the US PBS stem-loop. In this case, C-to-G, G-to-U, and G-to-A changes were
noted in viruses grown in SupT1 cells; a G-to-A change was noted in viruses grown in PBMCs and SupT1 cells (PBMC + SupT1). These changes
will be predicted to maintain a bulge region reduced from that of the initial HXB2(Glu Loop 2). Note again that reversion of the PBS to the

wild-type PBS complementary to tRNAL® was found.
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genome can affect viral replication (2). Additional study of
these viruses will be needed in order to refine our understand-
ing of the importance of the U5-PBS RNA stem-loop structure
in the selection of the tRNA primer.
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